The effect of storage conditions and 1-MCP treatment on ethylene production and quality of 'Gala' apples stored in normal and controlled atmosphere conditions was evaluated during two successive seasons, 2001/2002 and 2002/2003. Apples were harvested in a commercial stage and cooled down to a temperature of 1°C. After that there were treated with 1-MCP in a concentration of 0.625 μl·L -1 for 24 hours. Treated and untreated (control) apples were stored for 120 and 180 days in the cold storage rooms at 2±0.5°C under normal atmosphere (NA) conditions or controlled atmosphere (CA) with 2% O 2 and 2% CO 2 . Directly after storage and after shelf life (additionally 7 days at 18°C) internal ethylene concentration (IEC) and activity of ACC oxidase were determined. The following quality parameters were recorded as well: flesh firmness (FF), total soluble solids (TSS), and titratable acidity (TA).
INTRODUCTION
The plant hormone ethylene plays an important role in the ripening process of climacteric fruits such as apples (Yang & Hoffman 1984) . Application of ethylene to pre-climacteric fruits initiates and hastens the changes associated with fruit ripening and senescence. In pre-climacteric fruits ethylene production is very low, but increases rapidly at the onset of ripening. Ethylene is biosynthesized in higher plants through the following pathway: methionine → Sadenosylmethionine (SAM) → 1-aminocyclopropane-1-carboxylic acid (ACC) → ethylene (Adams & Yang 1979) . The final step, the oxidation of ACC to ethylene, is catalyzed by the enzyme ACC oxidase (Fernandez-Maculet & Yang 1992 , Ververidis & John 1991 . In fruit storage, main techniques used to minimize the effects of ethylene and improve storage quality include reduced temperature and controlled atmosphere conditions. Optimal CA conditions lower respiration and ethylene production rates, reduce ethylene action, delay ripening and senescence. Also 1-methylcyclopropene (1-MCP), a synthetic cyclopropene, has been found to inhibit the action of ethylene in various plant tissues (Sisler & Serek 1997) . 1-MCP has been shown to delay ripening of climacteric fruits including banana (Jiang et al. 1999) , avocado (Jeong et al. 2003) , plums (Abdi et al. 1998 , Menniti et al. 2004 , apricots (Dong et al. 2002) , peaches and nectarines (Fan et al. 2002 , Liguori et al. 2004 , pears (Lafer 2005 , Trinchero et al. 2004 , and apples (Fan et al. 1999 , Pre-Aymard et al. 2003 , Watkins et al. 2000 . For apples, treatment with 1-MCP delays the onset of the rise in ethylene production and respiration, slows the loss of firmness, titratable acidity, and green peel colour, can inhibit aroma production and reduce the incidence of the storage disorders and decay (Fan et al. 1999 , Lafer 2003 , Saftner et al. 2003 , Watkins et al. 2000 , Xuan & Streif 2005 , Zanella 2003 .
The objective of the present study was to examine the effects of 1-MCP treatment on ethylene production and quality of 'Gala' apples stored in normal and controlled atmosphere conditions. (82.1 N in 2001, 80.6 N in 2002) , and the harvest dates were: 28 th September in 2001 and 12 th September in 2002. Harvested fruits were cooled down for at least 24 hours to a temperature of 1°C. After that fruits were treated with 1-MCP in a concentration of 0.625 μl·L -1 for 24 hours. Treated and untreated (control) apples were stored for 120 and 180 days in the cold storage rooms at 2±0.5°C under normal atmosphere (NA) conditions or controlled atmosphere (CA) with 2% O 2 and 2% CO 2 . On removal from storage the fruits were placed for 7 days at 18°C to simulate shelf life. Directly after storage and after shelf life the internal ethylene concentration (IEC) and activity of ACC oxidase were determined. The following quality parameters were also recorded: flesh firmness (FF), total soluble solids (TSS), and titratable acidity (TA).
MATERIALS AND METHODS

Fruits
For internal ethylene concentration 1mL gas samples were taken from the apple core and injected into a HP 5890 II gas chromatograph equipped with alumina packed glass column. For assay of in vivo ACC oxidase activity, apple fruit discs (ca. 0.25 g) were first incubated for 1 hour at 30°C in 10-ml vials with 0.5 ml reaction mixture containing 0.1 M Tricine (pH 7.5), 30 mM ascorbic acid, 0.1 mM FeSO 4 , 30 mM NaHCO 3 and 10 mM ACC. The vials were then sealed and the ethylene produced during the following 1 hour was measured. The ACC oxidase activity was expressed as nl of ethylene produced per 1 gram fresh weight per 1 hour. The measurement of IEC and ACC oxidase activity were done on a sample of ten fruits.
Flesh firmness was measured on two opposite sides of each fruit (after skin removing) using an EPT-1R (Kelowna, Canada) pressure tester equipped with a standard Magness-Taylor plunger of 11.1 mm. TSS and TA were determined in freshly prepared juice. The percentage of total soluble solids was measured using a digital electronic refractometer type PR 101 (Atago, Japan). Titratable acidity was quantified by titration of juice (automatic titrator DL 21, Mettler Toledo, Swiss) with 0.1 M NaOH to a pH 8.1 end point and was expressed in percentage of malic acid. Three replicates with ten fruits were used for each quality determination.
Data were statistically elaborated using analysis of variance, followed by means separation using Duncan's multiple range t-test at P≤0.05.
RESULTS AND DISCUSSION
The 1-methylocyclopropen (1-MCP) application after harvest markedly affected the internal ethylene concentration in 'Gala' apples after 120 and 180 days of storage (Table 1) . IEC was significantly lower for the 1-MCP treated fruits, both directly after storage and after shelf life than for untreated ones. 1-MCP, an inhibitor of ethylene perception, binds irreversibly to the ethylenebinding protein (Sisler & Serek 1997) , which results in inhibition of ethylene production in climacteric fruits (Dong et al. 2002 , Pre-Aymard et al. 2003 , Tian et al. 2002 , Trinchero et al. 2004 , Xuan & Streif 2005 . The storage conditions affected the ethylene concentration in apples as well. Lower IEC was observed in apples stored under CA than NA conditions. The inhibition of ethylene production in apples by controlled atmosphere application has also been demonstrated (DeEll et al. 2005 , Gorny & Kader 1996 , Xuan & Streif 2005 . Data presented in Table 1 showed that directly after storage IEC was lower for untreated fruits stored in CA conditions than for fruits stored in NA, but after shelf life the differences were not significantly proved, excluding apples stored for 120 days in season 2002/2003. However, the effect of 1-MCP was stronger than effect of controlled atmosphere. The most effective combination was the storage of 1-MCP treated apples under CA conditions. In both seasons the lowest concentration of ethylene was observed for those fruit, both after 120 and 180 days of storage and also after shelf life (except season 2002/2003 after 120 days of storage). The influence of 1-MCP and storage conditions on activity of ACC oxidase in apples after storage is presented in Table 2 . 1-MCP treatment strongly inhibited ACC oxidase activity in fruits stored in air or controlled atmosphere for 120 and 180 days. This inhibition was also noted after 7 days of shelf life. Similar effect of 1-MCP on inhibition of ACC oxidase activity in vitro have been reported for 'Braeburn' apples (Tian et al. 2002) . This corresponds well with results of Lelievre et al. (1997b) , who observed that accumulation of ACC oxidase transcript was strongly reduced in 1-MCP treated pear fruits. The effect of controlled atmosphere on suppression of ACC oxidase in apples was also reported (Gorny & Kader 1996) . Although controlled atmosphere strongly inhibited ethylene production (Table 1) , the influence of CA storage on ACC oxidase activity was rather opposite and not completely evident ( Table 2 ). The activity of the enzyme in untreated fruits stored in CA conditions was higher than in apples stored in NA, but the differences were not always significantly important. That tendency was also observed after 7 days of shelf life. Directly after storage the ACC oxidase activity in treated fruits was higher when apples were stored in CA conditions (season 2002/2003) , but opposite effect was observed for fruits after 180 days of storage in the first year of experiment. After shelf life following 180 days of storage the activity of enzyme was the lowest for 1-MCP treated fruits in CA conditions. The relationship was no observed after shelf life followed 120 days of storage. As reported by Ye & Dilley (1992) , the accumulation of ethylene in the internal atmosphere of apple is associated with increase of ACC oxidase activity and formation of ACC, and the levels of both activities are cultivar dependent. Fernandez-Maculet & Yang (1992) demonstrated, that preclimacteric apple fruits treated with exogenous ethylene showed a marked increase in ACC oxidase activity in vitro and in vivo. In our experiment, the inhibition of ethylene production in CA stored apples was weaker than in 1-MCP treated fruits (Table 1 ) and therefore not enough for reducing the activity of ACC oxidase. Table 1 The quality parameters of apples after harvest were as follow: a soluble solids content 10.8% and 11.8%, titratable acidity 0.357% and 0.402%, and flesh firmness of 82.1 N and 80.6 N, in years 2001 and 2002 respectively. Softening of apples is one of one of the most sensitive to ethylene ripening processes (Lelievre et al. 1997a) . The application of 1-MCP delayed softening of 'Gala' apples stored in NA and CA conditions directly after storage and after 7 days of shelf life (Table 3) , as has been shown by Lafer (2003) and Argenta et al. (2005) . Similar effects of 1-MCP delaying fruit softening have been also observed for various apple cultivars: 'McIntosh', 'Delicious', 'Law Rome' (DeEll et al. 2005 , Watkins et al. 2000 , 'Empire' (DeEll et al. 2002 , 2005 , Watkins et al. 2000 , 'Cortland' (DeEll et al. 2002 , 'Granny Smith' (Zanella 2003) , 'Braeburn', 'Elstar' (Lafer 2003) and 'Anna' (Pre-Aymard et al. 2003) , and for other climacteric fruits: apricots and plums (Dong et al. 2002) , peaches and nectarines (Liguori et al. 2004 ) and avocado (Jeong et al. 2003) . Note: see Table 1 Taking into consideration the loss of firmness during storage 'Gala' apples characterized high storability. During 180 days of storage there were no positive effect of CA conditions compare to NA (except 120 days of storage in 2002/2003 season). Although there was a significant effect of 1-MCP for retention of firmness in both NA and CA conditions. The stronger effect of 1-MCP than controlled atmosphere on fruit firmness corresponds with the higher inhibition of ethylene production by 1-MCP treatment, and confirm the strong effect of 1-MCP on inhibiting ethylene action (Sisler & Serek 1997) .
Storage conditions and 1-MCP treatment also influenced titratable acidity of stored apples in both years of experiment (Table 4) . Regardless of the season and the length of storage period the highest loss of TA was observed for untreated apples stored in air. Application of 1-MCP after harvest allowed to keep TA of 'Gala' apples stored in air as well as CA conditions for untreated fruits. More often the highest titratable acidity was observed for 1-MCP treated apples stored under CA conditions. The beneficial effect of 1-MCP on reduction in loss of titratable acidity was reported for 'Gala' (Argenta et al. 2005 , Lafer 2003 , 'Redchief Delicious' (Argenta et al. 2005) , 'Anna' (Pre-Aymard et al. 2003) , 'Granny Smith' (Zanella 2003) , 'Braeburn', 'Elstar' (Lafer 2003) apples, peaches and nectarines (Ligouri et al. 2004) , and plums (Dong et al. 2002) . Table 1 Data presented in Table 5 shown that there was no clear effect of 1-MCP treatment on total soluble solids content in 'Gala' apples. In 2001/2002 season, treatment with 1-MCP had no influence on TSS in apples stored for 120 days, but after 180 days of storage the 1-MCP treated fruits had significantly higher TSS content than untreated ones. In the season 2002/2003, no statistical differences in TSS was observed in apples directly after storage. In both storage seasons, after shelf life the positive effect of 1-MCP on TSS was noticed, but only after 180 days the differences were statistically proved. DeEll et al. (2002) and Zanella (2003) reported that 1-MCP treatment not influenced TSS in apples. Note: see Table 1 CONCLUSIONS The results of the experiment indicate that the application of controlled atmosphere conditions and 1-MCP treatment are effective in delay of the ripening processes in 'Gala' apples by inhibiting the ethylene production. Internal ethylene concentration was significantly lower for the 1-MCP treated fruits, both directly after storage in NA or CA and after shelf life. 1-MCP treatment strongly inhibited ACC oxidase in 'Gala' apples following storage in air or controlled atmosphere. There was a positive effect of CA conditions and 1-MCP treatment on retention of firmness and titratable acidity of 'Gala' apples.
